The time-of-flight technique has been used to measure the drift velocities for electrons and holes in high-purity single-crystalline CVD diamond. Measurements were made in the temperature interval 83 T 460 K and for electric fields between 90 and 4 Â 10 3 V/cm, applied in the h100i crystallographic direction. The study includes low-field drift mobilities and is performed in the low-injection regime to perturb the applied electric field only minimally.
I. INTRODUCTION
Diamond is a wide bandgap semiconductor with many superior material properties such as high carrier mobilities, high saturation velocity, high breakdown field, and highest thermal conductivity of all materials. These extreme properties make single-crystalline epitaxially grown (SC-CVD) diamond an outstanding candidate for many electronic device and detector applications where high-power, high-frequency, ultra-fast response time or radiation hardness are crucial. Doping diamond, however, is still a challenge. Diamond lacks a shallow dopant that is fully thermally activated at room temperature. Therefore, the more promising device concepts contain thin delta-doped layers with a very high dopant concentration, above the Mott transition, that are fully activated in conjunction with undoped (intrinsic) layers where charges are transported. This is one reason why an improved understanding of transport in high-quality undoped layers with high carrier mobilities is important.
Mobilities of charge carriers in semiconductors are usually measured using the Hall effect. This method can not be applied in the case of insulating intrinsic diamond. Instead, the time-of-flight (ToF) method, also often referred to as transient current technique (TCT), can be applied. In this case, electronholes pairs can be created by a-particles, 1-3 b-particles, 4 pulsed electron beams, 5 pulsed x-rays, 6, 7 or a pulsed UV laser. [8] [9] [10] [11] The motion of the free charge carriers in an applied electric field induces a current which is measured.
In the 1980s, detailed studies for electron and hole drift velocities and mobilities for natural diamond were performed by the group of Nava, Canali, Reggiani et al. [12] [13] [14] in the temperature range of 85-700 K with electric fields up to 60 kV/cm. More recently, several studies of drift velocity measurements in single-crystalline diamond have been performed at room temperature. [1] [2] [3] In this paper, we present a systematic set of experimental data for intrinsic SC-CVD diamond of both hole and electron drift velocities in the temperature range between 83 and 460 K. The electric fields range between 90 and 4 Â 10 3 V/cm and were applied in the h100i direction of the singlecrystalline samples.
II. EXPERIMENTAL TECHNIQUE
The presented carrier drift velocities were obtained through the time-of-flight technique. Free charge carriers are generated by short (3 ns FWHM) UV pulses from a quintupled Nd-YAG laser with 10 Hz repetition frequency and 213 nm wavelength, which corresponds to a photon energy just above the bandgap of diamond (5.47 eV). Several interference filters and neutral density filters block lower harmonics and allow for reducing the intensity to the desired magnitude (see Fig. 1 ). A semitransparent Ti/Al or Ni mesh contact makes it possible to apply both a relatively homogenous electric field and to create electron-hole pairs within the vicinity (a few micrometers) of the illuminated side of the sample due to the strong absorption process of the UV photons in diamond.
The polarity of the applied bias voltage determines the type of carrier that drifts through the bulk of the sample to the Ti/Al or Ni backside contact. The charge accumulation can be kept to a minimum by pulsing the bias (50 ls/pulse). The current is amplified and stored in a fast digital oscilloscope (Tektronics TDS 684C, 5 Gs/s) that is triggered by the Q-switch signal of the laser.
The transit time s of the charge carriers can be easily determined from the time difference between the rising and falling edge of the current pulses. The drift velocity v d is then simply the quotient of sample thickness d and s, assuming that the charge is created close to the front contact and in the center of the mesh. The samples were mounted in vacuum in a liquid nitrogen cooled cryostat. The sample temperature was monitored by a calibrated silicon diode (DT-670) and a temperature controller (Lake Shore 331). The temperature interval for this study was fixed by the temperature of liquid nitrogen and the upper temperature limit of the cryostat (470 K).
III. SAMPLES
The three single-crystalline CVD diamond plates selected for this study (see Table I ) were produced and supplied by Element Six Ltd. The material was deposited homoepitaxially on specially prepared HPHT synthetic diamond substrates in a microwave plasma-assisted CVD reactor. After synthesis, the epitaxial overlayers (490, 510, and 690 lm in thickness) were separated from their HPHT diamond substrate by a laser cutting technique and polished to give freestanding high purity plates with nitrogen impurities below 5 Â 10 14 cm À3 . Both sides of the samples were metallized by sputtering, either with Ti/Al or Ni in a physical vapor deposition (PVD) system. The front contacts were patterned by means of standard optical lithography techniques to form semitransparent mesh patterns, 4 mm in diameter, on the {100} surfaces.
IV. RESULTS
The measured drift velocities for electrons and holes are shown in Fig. 2. (Note that the curves are multiplied by factors 2, 5, and 10 to obtain offsets.) The data points were obtained in the following way. For fixed temperature and electric field, the current transit was recorded for each sample as an average over 50 laser shots. From the shape of the current traces (nearideal rectangular pulses, even for very low bias voltages), it could be seen that polarization effects were very small. The time-of-flight s is the full-width half-maximum (FWHM) of the current transit, and its error was estimated from the corresponding full-width times for ð50 6 5Þ % of the maximum. Then a (weighted) least-square fit to the results from the different samples was applied yielding a (weighted) mean value with error bounds for the drift velocities.
The drift mobility data shown in Fig. 3 are based on fitting the data to the semiempirical relation
which relates the carrier drift velocity t d to the saturation velocity t sat and the applied electric field E. This equation can be rewritten simply by using t ¼ d=s and E ¼ U=d to rewrite Eq. (1) as 1
Then for each temperature, the part of the data that was consistent with Eq. (1), that is, that showed linearity when plotting drift velocity v d versus reciprocal electric field 1=E, was fitted by applying a (weighted) least-square fit to Eq. (2) for all three samples simultaneously. Particularly for temperatures below 200 K, only data with jEj 400 V/cm were taken into account. The mobility is simply the inverse slope of the fit and the saturation velocity is the y-axis intercept.
V. DISCUSSION AND CONCLUSION
The measured drift velocities show very little spread across the different samples studied in this paper; this indicates that the quality of the SC-CVD diamond layers has come to stage where it is possible to talk not only about the properties of the specific sample, but also about the material's electronic properties. The choice of contact metal-Ti/ Al or Ni-did not seem to have an impact on the results. Figure 3 shows that for both electrons and holes, the mobility follows the typical T À3=2 dependence for T < 280 K, which is an indication that acoustic phonon scattering is the limiting mechanism in that temperature range. For higher temperatures, the slope becomes steeper indicating the onset of intervalley phonon scattering. This is in good agreement with previous findings; see for example, Refs. 9 and 12-14.
The local maximum for electron velocities at low temperatures (100-140 K) is believed to be due to field-dependent conduction valley repopulation. We intend to investigate this phenomenon in more detail in the future and compare with Monte Carlo simulations.
The hole drift velocities are in good agreement with the data for ultra-pure natural diamond in Reggiani et al.
14 In that paper, only drift velocities exceeding 10 6 cm/s for nine temperatures in the range 85-700 K are presented. The hole drift mobilities agree for temperatures down to 300 K. For lower temperatures, the values presented in this paper are around 50% higher than the experimental results of Reggiani et al., but they agree very well with their theoretical calculations (see Fig. 5 in Reggiani et al. 14 ) , which are based on a two-band model (heavy and light holes) with spherical and parabolic bands. Only lattice scattering mechanisms (acoustic and nonpolar scattering effects) are taken into account.
Our results for electron drift velocities were compared to the data for 85 and 300 K presented by Nava et al. and showed the same behavior for those temperatures even though 
